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COMPARISON OF DYNAMIC STALL
PHENOMENA FOR PITCHING AND VERTICAL
TRANSLATION MOTIONS

By

T. Fukushima
L. U. Dadone

Boeing Vertol Company
SUMMARY

All comparable dynamic stall data for vertical translation and
forced pitch oscillation of the V0012 and Vv23010-1.58 airfoils,
acquired in a previous wind tunnel investigationl, have been
reconstituted from tabulated harmonic coefficients. The recon-
stituted data, in the form of chordwise differential pressure
coefficients, AC,, and integrated normal force and pitching
moment coefficients, were plotted against reference angle (time)
and airfoil model position at various reference angles. Pitch
and translation conditions werxe matched as closely as possible
for comparison.

Stall is presently defined as an event characterized by a large
increase in nose-down pitching moments and a reduction in normal
force coefficients as the angle of attack is increased. Pitching
moment stall generally precedes normal force (or lift) stall.
Other events, such as "intermittent turbulent separation” which

in themselves do not significantly alter the free stream flow,

are not classified as stall, although such events initiate tBe
stall at the leading edge as pointed out by McCroskey, et al”.

The comparison showed differences in the onset of stall as a
function of the type of motion particularly for the progression in
the collapse of leading edge pressures. Differences in the chord-
wise progression of separation were also evident from the pressure
distributions.

No apparent differences in the recovery from stall were observed
either in the normal force and pitching moment coefficients or in’
the chordwise pressure distributions. Little evidence was found
of secondary stall events following the recovery from the initial
stall for both modes of oscillation.

A set of dynamic stall parameters, "gamma functions", was calcu-
lated from the vertical translation data. Such parameters were
found to be different from the values derived for the pitch data.
‘Dynamic Cpn and Cm loops for both pitch and translation motions
were synthesized with existing empirical methods derived from the
pitch data. The synthesized loops for the two modes were differ-
ent but both compared poorly with test data. The existing



equivalent angle of attack approach should be used until addition-
al data becomes available to provide the basis for an analytical

representation of the dynamic stall for vertical translation
motions.



INTRODUCTION

Several series of tests of airfoils undergoing dynamic pitch
motions have been carried out in two-dimensional wind tunnels.
The resulting data have been applied to helicopter rotor analyses
by methods such as the semi-empirical curve fitting of 1lift and
moment coefficients or by the synthesis of characteristics from
quasi-steady data by means of stall delay parameters derived from
dynamic stall data.

One test was run with airfoils undergoing vertical translation
(plunging) as well as pitching motions (reference 1), but the data
was not reduced to a form suitable for direct comparison of the

two motions or for application to a rotor analysis. Although a
helicopter rotor blade experiences larger excursions in angle of
attack due to vertical translation than due to pitching as a result
of blade flapping and flap bending motions, no effort has been made
to apply any vertical translation data to a rotor analysis. Rather,
the dynamic stall behavior has been approximated first by reducing
all motions to equivalent angle of attack excursions and then by
utilizing forced pitch oscillation data to identify and approxi-
mate stall.

This study was undertaken to determine whether there are signifi-
cant differences between the dynamic stall behavior of pitching
and translating airfoils. Specifically, the objectives were to
delineate differences in

(1) the progression of changes in chordwise
pressure distributions, particularly at the
leading and trailing edges, and in the pro-
gression of the separation along the chord.

(2) the onset of stall and stall recovery.

(3) The dependence on the Mach number, reduced
frequency k, and the mean angle of attack, og.

(4) The stall delay parameter, "gamma function",
and in the synthesis of oscillating airfoil
data from quasi-steady data as presently
carried out in rotor performance and loads
programs.

SYMBOLS AND ABBREVIATIONS

c airfoil chord, m
R _ ] - - -
Cp glfferenflal pressure coefficient (Cp lower

P upper



CSTALL

D e

eps

Aogg

ACH

airfoil normal force coefficient

maximum value of C, attained during a cycle of
oscillation

drive frequency of airfoil motion in pitch or
translation oscillation, Hz

instantaneous translation position, semichords
velocity of vertical translation, dh/dt
magnitude of forced translation, semichords

reduced frequency parameter,

rfc
\
Mach number

freestream velocity, m/sec

airfoil chordwise location measured from the
leading edge, m

airfoil surface location measured perpendicular
to the chordline, m

angle of attack (also referred to as "instantaneous"
angle of attack), deg

rate of change of angle of attack with time, da/dt
mean angle of attack, deg

magnitude of the forced pitching motion, deg

angle of attack corresponding to Cppayr deg

stall delay function ("gamma function")

pitch and translation motion reference angle, deg

rate of change with time of the reference angle, d6/dt
angle of attack at which dynamic stall occurs,

for either the normal force or the pitching

moment (figure 17), rad

equivalent amplitude of pitching motion for
translation, deg

increment in normal force coefficients



TP : test point identification number
je] pressure, Pa
P density, kg/m3

TECHNICAL DISCUSSION

The two-dimensional tests of the V0012 and V23010-1.58 airfoil
oscillating near and through stall, reference 1, were conducted
for both forced pitch and vertical translation motions. The
forced pitch oscillations were about the quarter chord. The
contour coordinates of these airfoils are presented in Table II.
Test and data reduction methods are fully described in reference 1;
however, a brief summary of pertinent points will be presented.

The primary aerodynamic data obtained were chordwise differential
pressures. From on-line magnetic tape records five to ten consecu-
tive cycles of data were digitized for each test condition after
examining the stripouts of the tapes to wverify that all pressures
and tunnel information (l/rev, frequency, tunnel conditions) had
been properly recorded. Each group of digitized data were averaged
and each averaged cycle was then harmonically analyzed.

The airfoil coefficient Cpn and Cm were obtained by integrating the
chordwise pressures reconstituted from digitized and harmonically
analyzed data. The calculated Cpn and Cm values were then also
harmonically analyzed to obtain the corresponding harmonic coeffi-
cients. All harmonic coefficients and phase angles through the
ninth harmonic are available in reference 1.

The reconstitution of the data for this study was carried out on
a computer. The data points for pitch and translation presented
in this report were chosen on the basis of the best match possible

of test parameters. Data from the selected test points were
plotted as follows:

(1) AC, vs reference angle 6 for all available
pressure transducers

(2)

AC, vs chordwise station at reference angles
frgm 0° to 360° at 20° increments

(3) Cp vs reference angle 6
Cm vs reference angle 8
(4) C, vs net angle of attack

Cm Vs net angle of attack



The variation in reference angle 0 is equivalent to a time
variation. The airfoil motions in the test can be expressed as:

o = ay + Ao sin 6 (pitching)

h = - Ah sin 6 (translation)

The net (or instantaneous) angle of attack was not a primary para-
meter during the vertical translation tests. Net angle of attack
values have been calculated from the velocity of translation as
derived from the expression for vertical displacement given above.
Comparison of angles of attack between pitch and translation are
therefore not exact and the mean angles are also not exactly
matched.

The synthesis of dynamic stall data from the quasi-steady airfoil
characteristics for performance and loads predictions has been
carried out by the "gamma function" method developed by Gross and
Harris?®, and incorporated into a number of rotor analysis pro-
grams, e.g., reference 4. This method has also been incorporated
in the Rotorcraft Flight Simulation Program C-81 (AGAJ71), refer-
ence 5, version by Gormont, reference 6. Another technique for
synthesizing unsteady aerodynamic data is presented by Bielawa

in reference 7.

The synthesis method discussed in this report makes use of quasi-
steady airfoil data up to a Mach number of 1.0 and it requires the
generation of stall delay parameters, "gamma functions". Refer-
ence 3 describes the method by which the "gamma functions" have
been generated from forced pitch oscillation data. The "gamma
function" approximation has been applied to rotor analysis
methods in which the angle of attack along a rotor blade results
from blade pitch variations in the downwash and blade flapping
motions. The underlying assumption of these methods has been
that the effect of all blade motions could be adequately repre-
sented by an equivalent angle of attack variation. However,
since the largest portion of the angle of attack changes result
from blade flapping, both rigid and elastic, if the dynamic stall
behavior in translation were significantly different from the
behavior in pitch oscillation, the present rotor analysis metho-
dology would not adequately account for the aerodynamic forces.

The data for comparable pitching and translation test conditions
will be discussed in the following sequence:

1) Chordwise pressure distributions, particularly
at the leading edge and trailing edge, and the
progression of the loss in pressure and of locally
separated flow along the chord; i.e., the mecha-
nism for the onset of stall and stall recovery.



2) Differences in the dynamic stall behavior of the
normal force and pitching moment coefficients
Cn, and Cy.

3) Dependence of the dynamic stall and reattachment
on the mean angle of attack Qo r Mach number M,
and the reduced frequency, k.

4) Variation of the dynamic stall delay parameter, Y.

The oscillating airfoil data analyzed for this study have been
reconstituted from the harmonic coefficients tabulated in refer-
ence 1, using the 0th to 9th harmonics.

Although the chordwise load distributions have been reconstituted
in a similar manner, the evaluation of chordwise pressure varia-
tions to identify specific stall events is limited by the fact
that absolute pressure measurements were not taken, and only
differential pressures between the upper and lower surfaces are
available, so that any event occurring on the upper surface cannoct
be separated from whatever is taking place on the lower surface.
However, the chordwise propagation of pressure waves at low free-
stream velocities has been shown to be primarily an upper surface
phenomena by Carta, reference 8, so that differential pressure
measurements may be sufficient, as long as it is remembered that
the breakdown of the leading edge suction pressure indicated by
the differential pressure may be affected by the chordwise move-
ment of the stagnation point. For leading edge pressure measure-
ments absolute gages would have been preferable.

Initially, a total of 48 test points in pitch oscillation and 48
in vertical translation oscillation were evaluated to assess
their suitability for this study. These evaluations included
close matching of test conditions and the availability of chord-
wise pressure data. Of these 96 test points, 13 pairs of test
points were finally selected for detailed analysis. The test
points selected and the principal test parameters are shown in
Table I.

CHORDWISE PRESSURE DISTRIBUTIONS

The pressures on the two airfoils were measured by means of

differential pressure transducers. The chordwise locations of
the pressure ports varied slightly from model to model; in all,
four models were used for these tests as pitching and vertical
translation required a different test setup. '

Significant variations in chordwise pressures are evident between
pitch and translation, as will be discussed in the following sec-
tions. The difference in chordwise loading between the V0012 and
the V23010-1.58 airfoils is also a result of camber (the



v23010-1.58 airfoil was developed from the V0012 by the addition

of a drooped nose). For a given angle of attack at quasi-steady
conditions the leading edge pressures for the two airfoils differ
as shown in figure 1. Both airfoils are stalled at the conditions
shown, however, at comparable 1lift levels, the V0012 airfoil dis-
plays a much sharper leading edge suction peak than the v23010-1.58.

Leading Edge Pressures

A comparison of the variation with time (reference angle 6) of
the surface pressures shows that for the V23010-~1.58 airfoil the
loss in leading edge suction is more pronounced in pitch oscilla-
tion than for the vertical translation motions, figures 2 and 3 .
The leading edge pressures up to x/c = 0.10 are sustained to high
levels in translation while, by comparison, the pressure at x/c =
0.10 in pitch is significantly reduced.

This trend is less pronounced for the V0012 airfoil, figures 4

and 5. The decrease in leading edge suction during translation

is more evident since pressure at x/c = 0.025 is available, how-
ever, figure 1 shows that compared to the Vv23010-1.58, the lead-
ing edge suction for V0012 is significantly lower, and the reduc-
tion in leading edge pressures as a function of the type of motion
is also less pronounced.

Separation Phenomena

The chordwise progression of the pressure wave following the
collapse of leading edge pressures is different for pitch and
translation oscillations. The comparison of test points 4041.2
(translation) and 1156.1 (pitch) for the Vv23010-1.58 airfoil,
figures 2 and 3 respectively, shows a possible laminar separation
bubble in translation (6 = 120°) and not in pitch, but the break-
down in suction pressures forward of x/c = 0.1 is more severe in
pitch. :

The V0012 airfoil in vertical translation, figures 4 and 5, dis-
plays a loss in leading suction and separation bubbles (6 = 160°)
similar to the ones observed on the V23010-1.58. The large loss
in suction at x/c¢ = 0.025 between 140° to 200° observed for the
translation data, figure 4b, cannot be verified in pitch because
of an instrumentation failure at the x/c = 0.025 station for the
latter.

Trailing Edge Pressure

A review of the trailing edge pressures for the V23010-1.58 and
V0012 airfoils did not show large differences which could be
attributed to the change from pitch to translation motions. In
examining the separation phenomena which occur at the trailing

edge of the V0012 and Vv23010-1.58 airfoils, it should be remembered
that both are front loaded sections for which stall is generally

8



due to separation at the leading edge. McCroskey, reference 2,
has shown that the stall is precipitated by the rapid growth of
a turbulent flow reversal region in the flow adjacent to the
trailing edge and was measured by hot wire probes.

The pressures over the aft 50% of chord of V23010-1.58 airfoil
reach a lower level in pitch than in translation, as shown in -
figures 2a and 3a. Such a trend was not observed on the V0012
airfoil, figures 4a and 5a.

Stall Delay Effects on Cn and Cp

For both airfoils, the rate of decay of the normal force coeffi-
cient Cp after CnMAX (i.e., dcn/de = 0.0) has been attained is

greater in translation than in pitch oscillation. However, the
rate of change in C,, dC,/d6 > 0.0, when approaching CnMAX is

larger for the pitch oscillation motion, asschematically illus-
trated below by superimposing at 6gpayp two typical C, time
histories.

The net loss in C,, AC, (peak to peak), is substantially the same
for pitch or translation independently of differences in the deve-
lopment of stall. The differences in stall behavior can be best
appreciated when the normal force and pitching moment coefficients
are plotted against the angle of attack, (the equivalent angle of
attack,

-1 cAh 8 cos
I

in translation).
2V

0 = Og -~tan

At least a part of the differences observed can be attributed to
some mismatch in the mean.angle of attack, oy, and some inaccuracy
in the effective amplitude of oscillation, Ac, which is only esti-
mated for the translation conditions.

For the Vv23010-1.58 airfoil at Mach number M = 0.4, figure 10a,
the normal force loops for translation display larger Cpn excur-
sions than the corresponding loops for pitch, i.e.,



ACh > ACh while in terms of equivalent angles of
TRANS PITCH attack
Aapppey > Alppans ¢ The latter difference is not exact

because the angle of attack excursion for translation was esti-
mated from the freestream velocity and from the approx1mate
motions of the airfoil model.

Stall and Multiple Stall from Pregsure Time Histories

The development of stall, as seen in pressure time history plots,
figures 4a and 5a, is characterized by the progressive attainment
and collapse of the maximum suction at each of the chordwise sta-
tions where pressures were measured. For the airfoils in this
test the collapse in pressure occurs first near the leading edge
and it spreads downstream toward the trailing edge. This stall
pattern is true generally for dynamic stall at subcritical flow
conditions, except for airfoils which are unusually sensitive to
trailing edge separation.

The progressive movement of the pressure peak from the leading
edge to the trailing edge can be clearly observed in any of the
pressure time history plots from test conditions for which the
airfoils were driven in and out of stall within each cycle of
oscillation. This pattern is not clear at the leading edge be-
cause the airfoil models were instrumented with differential
pressure transducers making it impossible to separate upper from
lower surface pressures. Except for this instance, Carta, refer-
ence 8, has shown that the pressure fluctuations on the upper
surface can be adequately represented by differential pressure
measurements, implying that the lower surface pressures do not
fluctuate significantly.

Figure 6 shows an example of the time variation (in terms of
reference angle 0) in the position of the pressure peak during
comparable dynamic stall events in pitch and translation. Even
though the total time required by the pressure peak to travel
from the leading edge to the trailing edge is approximately the
same for the two types of motion, in most (but not all) cases
the pressure peak appears to travel faster over the front 1/3
of the upper surface during translation than during pitch.

Within the test data available at this time the occurrences of

a second pressure peak moving along the airfoil within a cycle

of oscillation are not consistent, and when there is some "evidence
of such events the phenomena appear to be very weak. However, for
the V0012 and V23010-1.58, vertical translation seems to be more
conducive to this development as illustrated in figures 7 and 8

for test points 4028.4 (translatiorn) and 1062.3 (pitch). Differently
from the main stall, which causes a pressure disturbance to travel
over the entire distance from the leading edge to the trailing

10



edge, the second pressure wave appears to be restricted to a
region between the leading edge and approximately 10% of chord.

Figure 9 shows pressure distributions for comparable pitch and
translation cases for conditions ranging from attached flow, prior
to stall inception, through stall. The translation data shows
signs of a short laminar separation bubble at the leading edge.

No judgment can be made as to the presence of a similar bubble

for the pitching case because of differences in pressure instru-~
mentation. The only quantitative observation that can be made

is that, during the development of stall, pitching is associated
with lower leading edge and trailing edge pressures than the
corresponding vertical translation case.

Stall Recovery

Figure 10 compares the Cp loops for pitching and translation for
several V23010~1.58 and V0012 test conditions which include stall
and reattachment within each cycle. The loops, plots of C, Vvs o,
were generated using the mechanically input angle of attack for
the pitch oscillation data, and the equivalent angle of attack for
translation. The same loops for the pitching moment, C, vs a,
show no significant trends and therefore have been omitted. No
substantial differences were observed in the mode of stall re-
covery which could be attributed to the different types of motion,
although some differences could be observed in the onset of dyna-
mic stall. It can be concluded that normal force and pitching
moment stall recovery in vertical translation can be approximated
by making use of an equivalent angle of attack in conjunction with
existing pitch oscillation data.

EFFECT OF TEST PARAMETERS

There is only a limited number of test points available to make

an assessment of the effect of variations in Mach number, frequency,
mean angle and Ao. As shown in the data summary in Table I, most
of the data available is at a Mach number of 0.4, with only one
test point at M = 0.2 for the Vv23010-1.58 and V0012 sections.

Three test points at M = 0.6 are available, two of which are the
V0012 at a frequency of 33 Hz with mean angles oo = 12.5° and og

= 14.5°. However, some limited conclusions can still be derived
from the data.

Mach Number

Since the V23010-1.58 was tested at mean angles up to 20° at

M = 0.2 and at angles up to 15° at M = 0.4, see Table I, a direct
comparison cannot be made. However, the lower Mach number pres-
sure data display some evidence of the presence of a separation
bubble downstream of the leading edge suction peak. Such separa-
tion bubble occurs on both airfoils, and it is more pronounced on
the Vv0012. '

11



The two airfoils used in this study start to show compressibility
effects (i.e., they display local regions of supersonic flow over
most of the 1lift range) at M = 0.6. When the incidence or free-
stream Mach number is increased after a local supersonic flow is
first established, the growth of the velocities (and pressures)
about an airfoil section becomes limited by the formation of shock
waves. When the lifting capability of an airfoil is restricted by
shock-induced separation, unsteady aerodynamic effects no longer
produce a delay in stall.

Figures 11 and 12 show pressure distributions for the Vv23010-1.58
airfoil in translation and pitch, respectively, at M = 0.6. A
comparison of the leading-edge pressures at 6 = 180° for trans-
lation, and at 8 = 80° and 6 = 100° for pitch, shows that the flow
experiences recompression closer to the leading edge during
translation.

Frequency

The only data available to examine the effect of variation of fre-
quency is for the Vv23010-1.58 airfoil at M = 0.4 with an angle of
attack excursion Ao #-2.5°, at a mean angle of attack ay = 12.5°.
Figures 13 and 14, (test points 4032.3 [15 Hz] and 4028.3 [30 Hz]
for translation, and 1058.2 [17 Hz], 1062.2 [33 Hz] for pitch).
However, the conditions at which these test points were acquired
place stall inception very close to & = 0 and stall development

at o < 0, while the most useful dynamic stall data is normally
acquired with a > 0 over most if not all the duration of the stall
event. The data for pitch (TP 1058.2 and 1062.2 in the appendix)
show very limited signs of separation in the integrated loads and
just some indication of a collapse in pressures at the leading
edge, so that no meaningful comparison can be made with the trans-
lation data, except for taking notice of the fact that at agy =
12.5° and Aaequivalent = 2.5° pitching oscillations seem to be

somewhat less susceptible to stall.

The translation data (TP 4032.3 and 4028.3 in Figures 13 and 14)
show a weak collapse in pressures which spreads along the entire
upper surface. Quite predictably the intensity of the stall is

reduced as the drive frequency is increased from 15 Hz to 30 Hz.

Mean Angle

Comparison of TP 4041.1, Figure 15, and TP 4041.2, Figure 16,
shows that an increase in the mean angle (9% from 12.45° to 14.88°
results in the stall occurring earlier in the cycle and that the
stall persists over a longer period of time.

Comparison of TP 4041.1 (Figure 15) with TP 4032.3 (Figure 13)
shows that a combined increase in frequency and effective Aa
results in a significant variation in the chordwise pressure
propagation. The pressure at x/c = 0.050 in Figure 15 under-
goes considerable fluctuations and the firststall event,

12



characterized by the attainment and collapse of the maximum local
ACp, propagates like a pressure wave along the chord.

STALL DELAY PARAMETER - GAMMA FUNCTION

In conjunction with the study to determine the differences in
dynamic stall behavior between vertical translation and pitch
oscillations, a qualitative evaluation of one method of synthe-
sizing dynamic stall coefficients, reference 3, was undertaken.
Although the number of data points available is not sufficient
to draw definite conclusions, trends are noted which bear con-
sideration in analyzing the combined pitch and vertical trans-
lation oscillations occurring on the rotor blade.

Gamma Function

Using the method outlined by Gross, reference 3, and Gormont,
reference 6, gamma functions for pitch and for vertical trans-
lation oscillations were constructed. At M = 0.4, figures 17

and 18 show plots of dynamic stall angles vs ac for the V23010-1.58

2V
and V0012 airfoils respectively. The slope of the linear fit
to the data has been defined as the "gamma function". The
gamma functions from the plots are:
vV0o0ol2 Vv23010-1.58
(at Mach Number = 0.4}
Y1) COMBINED -980 -85
.807 .48

YM) COMBINED

The line marked "combined"” is the linear fit to both sets (pitch
and translation) of data.

13



DYNAMIC STALL LOOPS SYNTHESIZED
FROM QUASI-STEADY DATA

The computation of the aerodynamic coefficients for the approxi-
mation of the unsteady flow environment experienced hy a helicop-
ter rotor blade requires taking into account dynamic stall exten-
sion and stall recovery considerations. The empirical methods to
account for unsteady aerodynamic effects can be easily tested

by using such methods to reconstruct the lift and pitching moment
loops as measured by Liiva et all. These empirical methods are in
addition to the effects already accounted for in classical thin
oscillating airfoils (i.e., the Theodorsen functions: amplitude
reduction, F(k), and phase shift, G(k)).

The gamma function method is one of the techniques which have been
used to synthesize the dynamic stall effects from the quasi-steady
aerodynamic coefficients. This methodology is built into existing
rotor performance and loads programs. One such method available
is a version of the unsteady aerodynamic analysis developed by
Gormont, reference 6, for the C-81 analysis (Rotorcraft Analysis
Program) .

The use of the C-60 program, reference 4, to simulate the two-
dimensional dynamic stall characteristic requires inputing a value
of zero for the thrust and not iterating between the thrust and
downwash and loads. The analysis is done at hover for a rigid
rotor using either pure flapping to simulate vertical translation
or pure cyclic for pitch oscillation simulation. The rotor is
operated in the hover mode and the conditions at a specific

radial station can be used for comparison with the two-dimension-
al dynamic data.

The zero thrust input ensures that the initial (and only)} pass
through the thrust, downwash and airloads calculation is done
without the induced downwash adding to the velocity due to rota-
tion. A typical comparison of the lift stall loops for the V0012
airfoil at M = 0.4 is shown in figure 19. The correlation be-
tween the synthesized loops and the test data is poor. The syn-
thesis method predicts too rapid a rise in the Cp as the angle of
attack begins to increase. This effect is more pronounced in the
vertical translation prediction than for pitch.

The correlation between synthe51zed pitching moment data and test
data is very poor. Such data is not shown.

14



CONCLUSIONS AND RECOMMENDATIONS

A comparison of the experimental data obtained for two airfoils
(V0012 and Vv23010-1.58) in vertical translation and pitch oscilla-
tion has been made. The following differences in the onset of
stall between the two modes of oscillation have beéen observed:

1. Leading edge and trailing edge pressures (suction)
during stall are generally lower in pitch than in
translation.

2. In general, the rate at which stall propagates chord-
wise is initially greater in vertical translation.

3. Only weak secondary stall phenomena have been observed;
vertical translation appears to be somewhat more con-
ducive to secondary stall events.

4, For pitch and translation oscillations similar changes
occur in the chordwise progression of stall with varia-
tions in frequency and mean angle of attack.

5. Within the limitations of the available data, no
significant differences have been observed in the
mechanism of stall recovery with respect to effect
on the normal force.

6. Stall delay parameters were evaluated from the trans-
lation data with the same methods used in estimating
stall delay from pitch data. Significant differences
were observed between the pitch and translation stall
parameters (gamma functions) but not enough translation
data is available to provide a meaningful sample.

7. Neither the 1lift nor the pitching moment loops are
reproduced in a completely satisfactory way using
the current reconstitution methodology and the stall
delay parameters.

8. Until a better dynamic stall representation is
formulated and a better definition of the translation
phenomena is possible, there is no reason to include
an explicit description of translation in the empirical
approximation of dynamic stall.

9. The measurement of absolute pressures, particularly
at the leading edge, should be superior to the measure-
ment of differential pressures for both vertical
translation and pitch oscillations.

10. Flow visualization studies of the dynamic stall.
phenomena for both pitch and vertical translation

can supplement the chordwise pressure measurements.
15
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T.P.
TRANSL .

v23010-
1.58

v00l2

4033.4

4032.3

4041.2

4041.1

4028.4

4028.3

4040.1

4040.2

3085.3

3114.2

3091.2

3091.3

3108.3

TABLE

1

TEST CONDITIONS FOR VERTICAL TRANSLATION

AND PITCH OSCILLATION - V0012 & V23010-1.58 AIRFOILS

FREQ. i 44 OR REDUCED
T.P. MACH fp 2o 84 RQ. sh VEL. FREQ
PITCH NO. HZ DEG DEG. m/SEC k
.2 15.90 20.14 4.28 .618 66.90 .121
5036.4 .2 15.11 19.78 4.80 66.96 .115
.4 15.13 12.53 2.05 .616 132.31 .058
1058.2 .4 17.32 12.36 2.41 135.36 .065
.4 32.79 14.88 3.490 .472 132.44 .126
1156.1 -4 32.136 15.07 4.99 134.11 .122
.4 3n.12 12.45 3.12 .472 132.74 .116
1088. 4 .4 32.89 12.29 4.94 134.11 .124
.4 32.89 14.88 2.25 .306 13n.36 .128
1062.3 .4 33.24 14.59 2.46 135.30 .125
.4 30.96 12.46 2.12 .306 130.48 .121
1062.2 .4 33.22 12.37 2.50° 135.30 .125
.6 32.68 12.38 2.30 .468 194.13 .086
1061.2 .6 33.22 12.45 2.39 199.10 085
.6 33.00 14.80 2.35 .473 193.88 .087
1061.3 .6 33.18 14.62 2.28 199.10 .085
.2 16.37 14.62 2.13 .305 68.37 .122
3133.3 .2 16.84 14.65 2.49 67.03 .128
.4 16.45 9.71 2.23 .607 130.48 .064
3135.1 .4 16.50 9.94 2.49 131.61 0G4
-4 34.61 12.34 2.31 . 305 132.56 .131
3136.2 .4 33.56 12.10 2.56 131.89 .120
.4 34.48 14.64 2.35 .305 132.37 .133
3136.3 .4 33.56 14.45 2.56 131.86 .130
.6 25.84 7.17 1.76 .458 196.20 .067
3139.2 .6 33.22 7.47 2.58 194.61 .087
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_

-l

x/c y/c

0 0
0.0110 0.0170
0.0220 0.0230
0.0330 0.0270
0.0540 0.0340
0.0760 0.0390
0.1087 0.0445
0.1521 0.0493
0.2065 0.0527
0.2500 0.0542
0.30643 0.0547
0.3478 0.0541
0.4130 0.0520

LEADING EDGE RADIUS

X
Y

V0012

4____————‘—"____————————;::==-—-

x/c y/c
0.4564 0.0499
0.5000 0.0472
0.5434 0.0439
0.6086 0.0383
0.6521 0.0343
0.6955 0.0300
0.7607 0.0230
0.8042 0.0181
0.8477 0.0127
0.8911 0.0070
0.9346 0.0011
1.000 0.0011

= 0.0143
= 0.0143
= 0.0

V23010-1.58 with 0° T.E. Tab

LEADING EDGE RADIUS

x/c y/cy y/cg

0 -0.0251 0.0215
0.0056 | -0.0070 0.0336
0.0096 | -0.0028 0.0361
0.0135 0.0008 0.0374
0.0254 0.0097 0.,0394
0.0333 0.0145 0.0401
0.0571 0.0253 0.0419
0.0967 0.0369 0.0443
0.1462 0.0451 0.0471
0.1957 0.0489 0.0497

Table II
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x
Yy

x/c y/cy y/er,
0.2452 | 0.0499 | 0.0517
0.2848 | 0.0499 | 0.0523
0.3937 | 0.0479 | 0.0503
0.4729 | 0.0444 | 0.0464
0.5521 | 0.0396 | 0.0412
0.6313 | 0.0335 | 0.0346
0.7502 | 0.0223 | 0.0228
0.8293 | 0.0137 | 0.0139
0.9086 | 0.0046 | 0.0047
1.000 0.0010 | 0.0011
= 0.0158
= 0.0158
= =0.0215

Airfoil Coordinates
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" APPENDIX

1. Time histories of C, and
2. Cp, and C, vs angle of attack (loops)
3. Pressure tlme histories

4. Pressure distributions at A8 = 20°
SYMBOLS

TP test point number

FD drive frequency, Hz

MACH Mach number

ALPHAO mean angle of attack (a,), deg

DALPHA magnitude of the forced pitching motion (Aa), deg
DH magnitude of forced translation, feet

K reduced frequency

VEL freestream velocity, ft/sec
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Airfoil V23010-1.58 in Forced Pitch Oscillation

Figure 21b.

60



Figure 2lc.

Airfoil v23010-1.58

1
2
3
4
5
6
7
8
9
1]
1

1
1

fiil

i: N
!

in Forced Pitch Oscillation

61



~1.58 in Forced Pitch Oscillation

Airfoil v23010

Figure 21d.

62



T T I e

58 in Forced Pitch Oscillation

-1.

Airfoil V23010

Figure 2le.

63



n Vertical Translation

irfoil Vv23010.1-58 i

A

Figure 22a.

64



1.58 in Vertical Translation

Airfoil v23010

Figure 22b.

65



[T

(USRI

Al

l

=
=
=

7

Airfoil Vv23010-1.58 in Vertical Translation

Figure 22c.

66



Airfoil Vv23010-1.58 in‘Vertical Translation

Figure 22d.

67



58 in Vertical Translation

-1

Airfoil Vv23010

Figure 22e.

68



69

Pitch Oscillation

n Forced

i

8

5

1.

0

1

e e Sk

“mmmmﬁ”"_%nuuwxdlﬂi.lww”idl E=maa—

V230

il

Airfoi

Figure 23a.

P



W%WWWWWWMHWWMWW,mwwmwmwwwwmw

W e W.mewmwu“ﬂmmmw == HWWWWW e
— ———— = e e = =
=== WW WWHWW|WWMHWWHWNWWHWMNNWm_..m
= —_— ’IWW|| ———
W.W == —— —— ===
WWWHWWWMHHWW ==

NWWWMIﬁ
HWHWHW

[] A

Il

MW = e
SEEEE= === ——— WIIW = ===

ILm_”_IH W _”m_ WWHNWWI”HWWHWMWWNW e

e e e =
HWMIHW_WWT — WWWWW S=—=c=—-—__——=—-°=

H

%| M WW e e e e Wmﬁwwmﬁmmv”“

===5u W%WWWF

e ==
===t L.-TMI_IW_HWWWWIW =8

= wﬁﬁmﬁmﬁm =

T

T

R - % =

I

i

Airfoil v23010-1.58 in Forced Pitch Oscillation

Figure 23b.

70



Ajrfoil V23010-1.58 in Forced Pitch Oscillation

71



58 in Forced.Pitch Oscillation

-1

Airfoil V23010

Figure 23d.

72



. Ilul..n.in,..l..l |_|| -

73

58 in Forced Pitch Oscillation

-1

Airfoil Vv23010

Figure 23e.



=

==

==

[

Ll
1348} glrrlull
E2 L

LT

i

i

|

I |||1'|{1|||||15|} I@@ T

%‘%
HiHH TH

el

Tt

% f”.. {

e
S

-

Airfoil V23010~1.58 in Vertical Translation

Figure 24a.

-y
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Figure 24b.
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Airfoil V2301011.58 in Forced Pitch Oscillation

Figure 27c.

91

k.



.58 in Forced Pitch Oscillation

-1

Airfoil V23010

Figure 27d.

92



58 in Forced Pitch Oscillation

-1

Airfoil V23010

Figure 27e.

93



WwwwwwwwwwmwmmmmmmmmmmEIHHHHWWWWWH@MWM@M%WWWWWWWWWWWWWMNMmmwmmwmmwwmw ==

1 Translation

rtica

1.58 in Ve

Airfoil V23010

Figure 28a.

94



i
TR
R4 83 padi] pamn =
e e e
= HEEE
EEEREE ST
S
R =
o e [ — - — 2 H

[
I

i

Airfoil v23010-1.58 in Vertical Translation

w = = -

Figure 28b.

95



e B se Pevee:

1 i
ittt RN,

=

1.58 in Vertical Translation

Airfoil V23010

Figure 28c.

%96




B

1

!

|

1

it

it

!

P

%J

i

2

in Vertical Translation

Airfoil V23010-1.58

Figure 28d.

97



58 in Vertical Translation

-1.

Airfoil V23010

Figure 28e.

98



-1.

Airfoil V23010

Figure 29a.

58 in Forced Pitch Oscillation

99



n Forced Pitch Oscillation

i

.58

Airfoil v23010-1

Figure 29b.

100



Airfoil v23010~1.58 in Forced Pitch Oscillation

Figure 29c.

101



Figure 29d.

102

Airfoil Vv23010-1.58 in Forced Pitch Oscillation



C L] kel b2
St} TRl L FD.| MAgH:

Figure 29e. Airfoil V23010-1.58 in Forced Pitch Oscillation

103



! H
e e R

h it
itk

il

It

il

Airfo

Figure 30a.

104



Vertical Translation

in

105



1.58 in Vertical Translation

Airfoil V23010

Figure 30c.

106



L 23mjesi 58 4o ods.Td. 104
MACH . |ALekAd | oRUPHR| oH|
: Bl L
5"
- i . . '. a‘NELE§= Eﬂ ...... . . : .

[ri RO R A

J i ] :

B \ B
- e
e T B ERRE

B l . . 4 N ! + ......... <_J, : —
' i ; I I B
B i - : - : : 1= - -

e L REF. ANGBLE|« lZT . .. REF. BNELE =_HT . ol REF. BNELE|e B 1L

eee—— 44 L . B . : P SN N ,,_: : .

Figure 30d. Airfoil v23010-1.58 in Vertical Translation

107



58 in Vertical Translation

-1

Airfoil V23010

Figure 30e.

108



Hiz

i
] i

0

rced Pitch Oscillation

(o]

58 in F

Airfoil v23010-1.

Figure 3la.

109



scillation

o

1.58 in Forced Pitch

Airfoil V23010

Figure 31b.

110



TR

i0n

tch Oscillati

in Forced Pi

.58

-1

il v23010

Airfo

3ic.

Figure

111



11

)
i
-

i w1

1

:

g
Y

Tk

By
B

kS
-]
t
i
...
i

58 jn Forced Pitch Oscillation

¢

&

REF . ANBLE| = 88
N
HNGLE | = 148
PERCE

B

*

Airfoil V23010

~

=azp |
-

[

%
\L.
N

i

!

P

1

REF. ANGLE: =

i

!

1

N

N e

|

s
AL
N

X — - ) ) .
m ® [ 3 N Bk R

INITI 3300 FurmEsd B3 : : N300 36 HLTR i

R
L rada

-1.

Figure 31d.

112



DELTA_PRESSURE COEFFICIENT. S

por. fNGLE = 2 | | Rer. fweel= asn | | | | Rer. ke aan |

1 : - e

T

COEFELCIENT
it i

-]

: : i l :
: —2—- . . .. . : R . H .- : - . . : . . - -+ . . . P VO
i : : . ! T : : : :

. . D : _
. PNGLE = 3B | REF . FNGLE| = 32L

; ._m .“*

]
—p—
i
-
I
|

I R SR . 3 ; iR g2 |M8. ¥ .. . E‘B.% He g B0 .28 | Y | B
Do ! : . : i i . a N

L0 A A

Figure 3le. Airfoil V23010-1.58 in Forced Pitch Oscillation

113



it |
FiEh e (R [

Figure 32a. Airfoil Vv23010-1.58 in Vertical Translation

114
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Airfoil V0012 in Forced Pitch Oscillation

Figure 39b.

150



BRI =B !Ws%mmﬁunnﬁvuﬁw S
_ = L%m“mh
== = -
———
= - .mmm_mmn‘%Mme.mﬂ_Mmmmw L “
e == S E R R
== e e

,,,,,, MM = ﬂWMMMMMMMWm.IMMMMIMTM_MmrMﬁ_

. = = = _mﬁw

= =

= Mﬂﬂ%Jr&W =
= ———————— ==
,mn | M._H_H_m_.m_ﬂﬂl_J_lh_U._H_MIF”hﬂmmmwmﬂnﬂi FH=
SEEE= ~ = Vuwlm_r_,|_m_ __ ! ===
HHMEHWMMMMMWH{ x_wm_m_fm_n_w m_mmmm_mmmmw| ==

"EEJ"'

.
.
0

i
il
!

T

T

|IH..1H|||| . Tih_,.imlwf —

x|”||m_| =

== |:|4Nmul..= _mm”lms_l.ﬂﬂdz“||t_=n“”.m._.h|“m]

Airfoil V0012 in Forced Pitch Oscillation

Figure 39c.

151



Airfoil V0012 in Forced Pitch Oscillation

Figure 39d.

152



I

AR I ————

= REF IR FRI =[]

Forced Pitch Oscillation

rfoil V0012 in

Ai

Figure 39%e.

153



il

|
Il

e e

i ii;snl

gislIn

Tl

--EE—-

=
=

Airfoil v0012 in Vertical Translation

Figure 40a.

154



el Ww i
e E=——r=c -
. =
e S e
) MM%&&E&? S e = = mmﬂﬁmﬁﬁﬁmmm%
i e ——— L = =
. s — mmwmﬂwmmmuw Mﬂ e - ————
e e MMMWMWMMMWMMMMM MHMHMMMHMHM m @WM%H MHMMWMMMMWW
HEEs = i — = TECESea—mee s e
Mm : =———= = _Mim: = _mmummm — .ﬁﬁm =
Aﬁmmmmmm mmmmmmwmmmm !MMIMMHJMMJ?M =—+f — ==
e = = =
i = —— ==————
=z === =
oo MHMMMHMHMMMM”“HH“| = =
M“ﬂmmm_| o~
mmmmmmwﬂmww =
g Shee— ——

Ajirfoil Vv001l2 in Vertical Translation

Figure 40b.

155



e e

T B
ey E

s e e e s e e e e s e

= MHW“WU B = = o |W.i
e e e s et g

=—— - == = —ju=r =

= == £ {=[EERE=

== === == I_mm_m

= i
== .....mwwmmmmmmﬂmummﬁmmmm == T m_w_n.__...nu_m. W_—Pm
: = HET B2
===

=== === =%

== ,WWHWMWWWWWWW ==E==——C— === m__w

= HW” = ..m = e

i -

R Bl R e = MI.WW S wm_mmm

HTERHEER il i i R e e e ==
R e

===
i = = =

D e

A=l

=

Airfoil V0012 in Vertical Translation

Figure 40c.

156



3

m

I

WW%&#

il e 4

R AR

g

Airfoil V0012 in Vertical Translation

Figure 40d4d

157

M\.x‘



I,

nifiigliiasatand

MG e

1 1)

Airfoil V0012 in Vertical Translation

Figure 40e,

158



== =

- =—— = =

===~ = ==

= e = , lie— = S ==t = ;

= == — = -

== ————— == === = ——— W_MEMHMMHMMH&H S

— - = -
et ——r——————— |i|llmm ”MMWMWL

= @@

i
it e
i

| Hi
i
HibH s

e ——————— = — e mmmm_mm_llimuﬂ!!nuu

ATl

(ITNHHHR

[l

A

i EeEV—————mr

12 in Forced Pitch Oscillation
159

00

Airfoil V

Figure 4la.



T
i fm e
ll itttk 'h
e

Figure 41b. Airfoil V0012 in Forced Pitch Oscillation

160



000000000000000

0000000000000

00000000000000

33333333333333

==~
= Ee==-—2
==

e e e e e

-

SR

_————— 1=

e = W
.

ey

EEtt i
gh et e e mml e
- imm%..mﬁ -

=4

=i
=== ==
==

m

Figuré 41c.

Airfoil V0012 in Forced Pitch Oscillation

161

=



T

e
tHT

+
I

H

B

JESEReEsas:

tch Oscillation

i

in Forced P

il voo01l2

Airfo

Figure 41d.

162



Airfoil V0012 in Forced Pitch Oscillation

Figure 4le.

163



o B e e

= = = = = e —
e Eee—e—
== menﬂm %HHI MWW\WI.I MMM.H“”H“HHMH

EE e e e e

e

il
[l

==
= = 1
& . e
i = m = Mﬂ = “1) ==
== = £ =

Airfoil V0012 in Vertical Translation

Figure 42a.

164



=
——— -

T s

e

e e T e e e e = ey =

it MO

D S e e

Figure 42b.

Airfoil V0012 in Vertical Translation

165



le66

1
TR

Figure 42c.

Airfoil v001l2

T.P. 3091.3
.LOC x/c
1 ].010
2 | 025
3 |..050
4 .150
5 .200
6 .250
7 .300
8 .400
9 .500
10 .695
11 1 .3800
12 .878
13 .953

in Vertical Translation



T
o

Euabe

ion

Vertical Translat

in

Airfoil v0012

Figure 42d4.

167



i

T

AN

Iy

TR

Airfoil V0012 in Vertical Translation

Figure 42e,

168



S = —_— e
= — : mmmeﬂHH]l||nn_H”
1.|||||L[1I = m. —_—— ]

S

=

169

0012 in Forced Pitch Oscillation

v

Airfoil

Figure 43a.



=S = Ee——
=3

——

== === =
== ————
e e

.
i

aHIHI

it

i

Airfoil V0012 in Forced Pitch Oscillation

Figure 43b.

170



EBE—r—r— ﬁﬂn@ﬂ =1

E———————— = = = e

e = e e
e — - e

in Forced Pitch Oscillation

vgolz2

Airfoil

Figure 43c.

171



“
=

Sili

}

.."'Nh»

P T

T,

e

Mol

M

Forced Pitch Oscillation

in

Airfoil V0012

Figure 43d.

172



N
™
N

173

T

i

M

]

it

g

I

W

"

oty
N
ML

i

EEREzEE i 3t [=

Airfoil V0012 in Forced Pitch Oscillation

Figure 43e.



i

fisn

e

=== ===

= I

i !WWWWHEMMMIH&LA#&MMh

_!.Hﬂmﬁmmm =

WWWW

;

-

H.. s HHWEE'FWW

,%MH

I
lililli

EEs——— e

====

MHEWWWHHEHKUWWMWTI

—

-%@T?MMM% -

.MWMMW.MW MMM

=== .

== Eiummmmmwu =
%mﬁﬂ -

rmmmwwmmL .

=l .m”_
S w

o
%
:
i

L

Airfoil v001l2 in Vertical Translation

Figure 44a.

174



(TG
i
SHETE
Eirg

I
ﬂlg
AT e
: EZ‘EE*:EE: =
|I|
ﬁ
o
1]
e
Ll

= WI =
= == —_—
e
=== ”_Hll_ﬂl_”‘m.m_W.ﬂmAmm_m_mu_

MMLMMMMMMIW%WMW@M| = MMMWHMMW

I ==

lwmmmmmmmwnwﬁﬂmmwMW|nﬁmm%@mwmw
==

|

! ||£_

(g
T
A

e ——

== —— m

I g
I
e
"

s

i

< HIHHIIL:

BRI

i

175

Airfoil V0012 in Vertical Translation

Figure 44b.



- = -
= ummmwmm_mmnn .

e

= e

lll_m.“m_MW.IWl:._qu

—]==

=%

e e e = = == Ilm ‘‘‘‘‘‘ STt

— ===

.x.nu”””ull.... 2 & um.lluwﬂlk._‘ i |.l|_.tl|Hm =i

== S
et =
i =5 -
EEE e e e e EacE E S I_ﬁ == EES = = =
== - = - - B
=== === = e = .memmn11-| S
PR iR =

Airfoil V0012 in Vertical Translation

Figure 44c.

176



[}
=

l--nu.m
nniz|

i

s AE

HEEEE RN iR BE TR

Airfoil V0012 in Vertical Translation

Figure 44d.

177



1
iifh

T

i R el

ion

1 Translat

in Vertica

Airfoil V0012

44e,

igure

F

178



Mmm%nTIith_mmTw ||mImMMN.WH
="
Sescee—e_ e

: ﬁwmm_mm_mmmm_ﬂw_mﬂMﬁlu e -.HM =
SEi= ._MH_MM“]ﬂmm_mm_mmmmm.mm_MWM!ﬂ =i

e -

- - - - -
e |

= -

MMMM !MM _MMMM

[

Ml

=— HMH”HMMMWMMWM WMWH} == =
=

179

Airfoil V0012 in Forced Pitch Oscillation

Figure 45a.



T

T

_||l|.n|W_u|

==——-

Jm:WﬁflvaTWWTFWﬂ

S T|

.IWIWWWWWWTM

e ==E

Wmmmﬁ =

“.;.mﬂ.dmwm.éwlmwﬂwrn

= WWWT

Airfoil V0012 in Forced Pitch Oscillation

Figure 45b.

180



S
e
==——"—_—c———
E=r—""——"—"—— : - Tae
—_— = e e e e e B
== =k ==l SR
= ==== héll =

e === — ==
[T Mo %?(. M&MM |N_um|”.| e um_im_m_m
ﬂﬁmplWMIMMWWWWWWMH == = = = c-
:ﬁﬁMNMMM =15 =r— Bw

.- = = = =
- - %
|

BeEE s e——— > >0

.HEMMMWMMe —_— . e

= =
ﬂ:WWWmmmmmmmmmmmmmmmmmmw*m””mmmﬂmmmme

—

===

WWWWNEWMEM' =

181

Airfoil V0012 in Forced Pitch Oscillation

Figure 45c.
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